Crowding impairs the perception of form in peripher al vision. It is likely to be a key limiting factor of form vision in patients without central vision. Crowding has been extensively studied in normally sighted individua ls, typically with a stimulus duration of a few hundred milliseconds to avoid eye movements. These restricted testing conditions do not reflect the natural beh avior of a patient with central field loss. Could unlim ited stimulus duration and unrestricted eye movements change the properties of crowding in any fundamental way? We studied letter identification in the peripher al vision of normally sighted observers in three conditions: (i) a fixation condition with a brief stimulus presentation of 250 ms, (ii) another fixation condit ion but with an unlimited viewing time, and (iii) an unrestricted eye movement condition with an artificial centr al scotoma and an unlimit ed viewing time. In all conditions, contrast threshold s were measured as a function of target-to-flanker spacing, from which we estimated the spatial extent of crowding in terms of critical spacing. We found that presentation duration beyond 250 ms had little effect on critical spacing with stable gaze. With unrestricted eye movements and a simulated central scotoma, we found a large variability in critical spacing across observers, but more importantly, the variability in critical spacing was well correlated with the variability in target eccentricity. Our results assure that the large body of findings on crowding made with briefly presented stimuli remains relevant to conditions where viewing time is unconstrained. Our results further suggest that impaired oculomotor control associated with centr al vision loss can confound peripheral form vision beyond the limits imposed by crowding.
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Introductio n
Crowding occurs when a target stimulus presented to the visual periphery is flanked by other stimuli, impairing identification of the target. Experimentally it has been common to use letters or simple patterns like Gabor patches in crowding experime nts but the effect also occurs for more natural stimuli such as objects (Wallace & Tjan, 2011) . Under normal viewing conditions and even in a cluttered natural environment, crowding does not pose an insurmount able problem as we can foveate the target and rely on central vision to identify objects. However, people who suffer from central visual field loss must use peripheral vision for identification, and crowding can become a severe limiting factor. For example, reading is a particular problem for patients with age-related macular degeneration (AMD). Peripheral reading speeds can be up to six times slower than normal (Chung, Mansfield, & Legge, 1998 ) . Crowding in normal peripheral vision has been studied extensive ly and known to have a number of intriguing propertie s. It affects stimulus identification, but not detection, such that an observer can perceive that a target stimulus is present but be unable to identify it (Levi, 2008; Pelli & Tillman, 2008 ) . It is influenced by the similarity between the target and the flankers, such that more similar (e.g. in orientation, shape, spatial frequenc y, color) stimuli cause more frequent identification errors (Andriessen & Bouma, 1976; Bouma, 1970; Chung, Levi, & Legge, 2001; Kooi et al., 1994 ) . Perhaps the most interesting aspect of crowding is that it depends on the center-to-ce nter distance between the target and flankers but not the gap between them (Bouma, 1970; Levi & Carney, 2009; Toet & Levi, 1992; Wallace & Tjan, 2011 ) . The maximum center-to-cent er distance at which the flankers can still exert a measurable impedimen t to the identification of the target is called the 'critical spacing'. The critical spacing depends upon the target eccentricity and is independent of visual acuity and stimulus size (Levi, Hariharan, & Klein, 2002; Pelli, Palomare s, & Majaj, 2004; Strasburger, Harvey, & Rentschl er, 1991 ) . The critical spacing is expected to be about half the eccentricity (Bouma, 1970 ) , although smaller ratios are common (e.g. Strasburger , Harvey, & Rentschler, 1991; Wallace & Tjan, 2011) . This eccentricity dependence may reflect a neural process of a constant spatial extent on the cortex (Motter & Simoni, 2008; Nandy & Tjan, 2012; Pelli, 2008; Toet & Levi, 1992 ) .
One variable that has not received as much attention is that of stimulus duration. Most studies have used brief stimulus presentation to minimize eye movements and ensure that the target stimulus is being presente d at the intended eccentricity . However, for people with central field loss and who have adopted a preferred retinal locus (PRL) in the peripheral retina for fixation (Crossland et al., 2005 ) , eccentric fixation duration s can be as long as needed. It is therefore of interest to know if stimulus duration affects identification performanc e in crowded conditions. Only a few results have been reported. In their seminal study, Toet and Levi (1992) reported results for stimulus duration s of 150 ms. However, they stated in their results that for stimulus durations of 500 ms (for single un-flanked targets) they found only slightly better acuity thresholds , but that the fall-off in performanc e with eccentricity remained unchanged by duration . It is unclear from that result if there would be a similar lack of effect in the presence of flankers. Tripathy and Cavanagh (2002) examine d crowding using oriented T's and T-like distractors. They were primarily interested in the effects of stimulus size on the extent of the crowding zone; however, they also used two stimulus duration s per observer, a typical duration of 360 ms and a much shorter duration of 27 ms or 13 ms (dependent on observer) and found that estimated crowding zones were larger for the shorter durations (an increase of 1.5-2°at a target eccentricity of 9.2 °). More recently, Chung and Mansfield (2009) also found that shorter durations led to larger crowding regions for identifyin g an oriented T flanked by oriented T's that were either same or opposite in contrast polarity as the target. At the target eccentricity of 10°, the largest crowding region occurred for the shortest same-polarity stimulus: 5.5 °at a duration of 57 ms. The region shrinks to less than 4°for a duration of 147 ms and to 3°for a duration of 1000 ms.
Will the spatial extent of crowding reduce further if the stimulus duration is unlimited? What if eye movements are unrestricted as in the case of central field loss? The present study addresses these questions with three experime ntal conditions. In two conditions, we required observers to maintain fixation. The stimulus duration was either brief or unlimited. In the third condition, both stimulus duration and eye movements were unrestricted. In all three conditions, gaze position was continuously monitored with an eye tracker. In the first two conditions, stimuli were made visible only when observers were accurately fixating (within an invisible bounding box centered on a fixation cross). In the third condition, eye tracking was used to present a gaze-contingent central scotoma as a way to control the minimum target eccentricity while allowing unrestricted eye movements. A strong dependency of the spatial extent of crowding on stimulus duration or eye movements would suggest that previous results provide an incomplete description of crowding, while no differenc e would suggest that the results of crowding established using brief stimulus presentation could generalize to condition s of central vision loss.
To anticipate our findings, prolonging stimulus presentation from 250 ms to unlimited duration without eye movements resulted in only a small reduction of the crowding zone in four of the five observers. Allowing unrestricted eye movements generally made crowding worse as observers tended to place the target further away from the artificial scotoma than was necessary. When the critical spacing was expressed as fraction of the effective target eccentricity , we found only a very weak effect of stimulus duration on crowding, which was consisten t across all condition s.
Methods

Observers
Two groups of observers with normal vision were utilized. The 'novice' group (N) consisted of three observers who had little or no experience using an artificial scotoma. One of these observers (N3) was an author and was not naïve to the purpose of the experiment. The 'experien ced' group (E) consisted of two observers. They had previousl y been trained to adapt to an artificial scotoma in an unrelated experiment, but were naïve to the purpose of this experiment. The experienced observers practiced a visual-searc h task with an artificial scotoma over the course of 3 months. Both observer s adapted a preferred retinal locus (PRL) as a result of the practice and had re-referenced their saccades to the PRL (Tjan, Kwon, & Nandy, 2011 ) .
Stimuli
The stimuli consisted of the 26 lowercase letters of the English alphabet in Arial font. Letter size (in x-height) in the experiment was 1.5 times the acuity at test eccentricity for each observer , as measure d before the experiment. Stimuli were displayed on a Dell P1230 19 00 CRT monitor (resolution: 1024 Â 768 at 85 Hz) at a viewing distance of 57 cm and controlled using a custom-bui lt desktop running Windows 7 Enterprise. A gray-scale video attenuator (Li et al., 2003 ) was used with custom-built contrast calibration and control software implemented in MATLAB to provide eleven bits of linearly spaced contrast levels.
In two of the three experimental conditions (FXU and FXB, see Section 2.4), observers had to fixate on a cross near the top of the screen, directly above the target letter, such that the center of target letter was presented at an eccentricity of 6°in the observer's lower visual field and physically located at the center of the screen. In the remaining condition (EMU), a central scotoma 5.5 °i n radius was simulated with a gaze-con tingent display such that the minimum eccentricity to the target letter without any part of the target being occluded by the scotoma is about 6°(equivalent to the fixation conditions). (The actual letter sizes were based on the individua l observer s' letter acuity, and were less than 1°for all observers except for observer E1, which was slightly larger than 1°.) The central scotoma had the same luminance as the gray background. It was therefore invisible except when it intersected a letter.
The two flanking letters were located symmetrically above and below the target. During each trial, the target and the flanker letters were selected randomly from the 26 available letters, without replacemen t, such that all three letters were always different. Contrast of the flanking letters was fixed at 30% (Weber contrast). Contrast of the target letter was adjusted using QUEST (Watson & Pelli, 1983) as implemented in the Psychophysics Toolbox (version 3.0.8) to estimate threshold contrast for reaching an accuracy criterion of 50% (chance level was 3.85%).
Acuity
Peripheral letter acuity was measured for all observers prior to the experiment. Lowercase letters in Arial font were presented for 250 ms at 100% contrast on a CRT without any flankers at 6°eccen-tricity in the lower visual field. Letter size was varied using QUEST to achieve an identification accuracy criterion of 50%, across 5 blocks of 60 trials each. Acuity was estimated as the letter height at criterion. This acuity measure ment also serves as practice for the observers who were not used to performing laboratory tasks in peripher al vision. Letter stimuli used in the experiment were 1.5 times the acuity size.
Procedure
We measured contrast thresholds of crowded target letters as a function of the center-to-cent er spacing between targets and flankers. There were three condition s for each observer ( Fig. 1 ): (i) an eye movement condition using an artificial scotoma with an unlimited stimulus duration (EMU), (ii) a fixation condition with an unlimited presentation duration (FXU), and (iii) another fixation condition but with a brief stimulus duration of 250 ms (FXB). In the EMU condition , the artificial scotoma was a disc of 5.5 °in radius and the same color as the gray background. The observer was allowed to move their eyes freely. The center of the artificial scotoma continuously followed the observer 's point of gaze. The scotoma could obscure part or whole of the stimulus if the observer attempted to fixate on parts of the screen close to the stimulus (as illustrated in Fig. 2 ). Stimuli remained static on the screen, with the target letter located at the center of the screen and the flankers located vertically at one of the pre-spec ified center-to-center distances from the target. When the observer was ready to make a response in this scotoma condition, a key press terminated the stimulus presentation and brought up a response screen for the observer to indicate the target letter with a mouse click.
In the fixation conditions (FXU/FXB), an invisible box centered at the fixation cross set the boundary for fixation to be ±1.4°. Fixations within this invisible box were admissible, which caused the stimulus to be presente d on-screen. The target letter was presented at the center of the screen, 6°eccentricity in the lower visual field from the fixation cross. If the observer 's gaze moved out of the box, the stimulus disappeared until the eye returned to the cross. In the FXU condition , the observer had as much time as they needed to view the stimulus while holding fixation, and pressed a key to move onto the response screen. For the FXB condition, the stimulus was presente d for only 250 ms while the observer fixated on the cross before the screen progresse d to the response screen. If the observer 's gaze moved out of the box the stimulus disappeared; further, no additional time was given.
Eye movements were monitored monocularl y (right eye) using the Eyelink 1000 Tower Mount (SR Research ) while observer s viewed the stimulus binocularly. Eye tracker calibration preceded each block of trials. The sequence of events in a trial were as depicted in Fig. 2 : (i) first, drift-correc tion with a central fixation for re-center ing the eye tracker, (ii) a fixation cross requiring the observer to hold stable fixation for 1500 ms at the fixation cross in the upper half of the screen before stimulus presentation , (iii) an auditory beep to alert the observer to the trial initiation followed by the stimulus presentation , and (iv) response selection in which all 26 lowercas e letters were presented alphabetically in a response array. To respond, the observer selected a letter from the response array with a mouse click. Feedback was provided. A high tone beep indicated a correct response, and a low tone beep was used for incorrect response. In the EMU and FXU conditions, the duration of step (iii) varied depending on how long the observer chose to view the stimulus, while in the FXB condition it was fixed to 250 ms.
In all conditions, flanker letters were presented vertically at a range of center-to-cent er distances relative to the target letter. These were 15 logarithmically spaced values from 0.5 °to 6°. In addition to these spacings, there was a no-flanker condition (an infinite spacing), giving a total of 16 spacings. At the smaller spacing distances, the flankers could overlap with the target letter. In such a case, the target object was made to occlude the flankers. For each of the three viewing conditions (EMU, FXU and FXB) and each of the 16 spacings, a block of 60 QUEST trials was used to estimate the threshold contrast for the target identificationgiving 48 total blocks per observer. To distribute the condition s evenly, a 'superblock' was constructed that consisted of three QUEST blocks, one for each of the three viewing conditions, at the same spacing. The order of the viewing conditions within the 16 superblocks was randomized and the superblock presenta tion order (for different spacing distances) was also randomized.
Analysis
Data analysis largely followed the method described in Wallace and Tjan (2011) . The data of threshold contrast energy (E), defined as the product of the squared root-mean-square (rms) contrast and The sequence of events in a trial: (i) drift-correction with a central fixation for re-centering the eye tracker calibration, (ii) a fixation cross in which the observer held fixation for 1500 ms, (iii) an auditory beep to alert the observer followed by the stimulus presentation, and (iv) a response selection in which all 26 lowercase letters were presented alphabetically in a response array. To respond, the observer selected a letter from the response array (iv) with a mouse click. In the EMU and FXU conditions, the duration of step (iii) varied depending on how long the observer chose to view the stimulus (terminated by pressing the space bar), while in the FXB condition it was fixed to 250 ms. 
This function (Fig. 3 ) has four parameters: ceiling (E ceiling ), floor (E floor ), saturatio n spacing (s sat ) and critical spacing (s critical ). It provides an adequate description of the data: the part of the function for s P s sat is commonl y used to characteri ze crowding for relatively large target-flanker spacing (Chung et al., 2001; Pelli, Palomares, & Majaj, 2004; Wallace & Tjan, 2011 ) . We estimate d the parameters by fitting Eq. (1) to the data of each observer using a multi-sta rt procedure, which minimize s the squared residual in log(E) and estimated the 95% (asymmetric) confidence interval of the four parameters (Wallace & Tjan, 2011, Appendix B) . For the letter stimuli used in this study, the saturation spacing (s sat ) is related to the minimum spacing at which the target and flankers physically overlap. As such, it depends on letter size and may have little to do with crowding. We omitted saturation spacing from further analysis.
We adopted the significance level of a = 0.05 for statistical testing. We used a one-way repeated measure s ANOVA to assess statistical differences in the parameter estimates across all conditions. To assess specific differences between two conditions, we used a paired t-test. The significance level corrected for multiple comparisons in this case will be p < 0.025 for the two comparisons of interest: EMU vs. FXU, and FXB vs. FXU. To test for effects per observer , we compared the estimate d value of each parameter with the bootstrapped 95% confidence interval of the comparison parameter. The difference was considered significant if and only if both values fell outside the confidence intervals of their counterparts .
Results
The threshold contrast energy as a function of target-flanker spacing is plotted in Fig. 4 , along with the correspondi ng median reaction times. These data are well described by the clipped line function (mean R 2 = 0.80 We next looked specifically at (1) the effect of viewing duration on crowding when eye movements were minimal (conditions FXB vs. FXU), and (2) the effect of eye movement when viewing duration was unlimited (conditions EMU vs. FXU). When considering FXU vs. FXB exclusively, we found that there was a small trend in critical spacing [t(4) = 2.635, p = 0.058], with FXU tending to smaller values than FXB (1.39°vs. 1.63 °on average). Indeed, the ratios of critical spacing to target eccentricity were almost identical (0.29 ± 0.05 across observers for FXB vs. 0.26 ± 0.07 across observers for FXU). Thus, critical spacing is not affected despite a three to eight times difference in viewing duration between the two conditions (see insets in Fig. 4) . At the extreme, observer E2 required a median viewing duration of 4600 ms in the FXU condition; yet there was only a small (<0.4°) difference in critical spacing for this observer between FXU and FXB conditions (see Figs. 4 and 5). Comparing within each observer, everyone except E1 had a significantly smaller critical spacing for FXU than for FXB, although the differences are small relative to the target eccentricity (around 4% of the target eccentricity ). The ceiling threshold was consistently lower for FXU than FXB (Fig. 6 ), and this difference was significant overall [t(4) = 4.187, p = 0.014] and also significant at the individual level for all observers except N2. Floor thresholds were also consistently lower for FXU than FXB (Fig. 7) for every observer , and the difference is significant [t(4) = 5.239, p = 0.006]. This suggests that increasing viewing duration three to eight fold (FXU) from a standard of 250 ms reduces the disruptive effects of crowding on contrast threshold, even though its effect on critical spacing did not reach statistical significance at the group level.
Critical Spacing (deg)
When eye movements were unrestricted, performanc e varied hugely across observers, and direct comparisons of EMU vs. FXU across observers did not reveal any significant differences overall for critical spacing [t (4) Within each observer , all differences in ceiling and floor thresholds between EMU and FXU were significant, but the differenc es were not consistent across observers. Similarly, for critical spacing it can be seen that for some observer s the EMU value is higher and for others it is lower (Fig. 5) . For observers N2 and N3, free viewing led to a worsening of crowding, with critical spacing increased significantly from 1.4 °(FXU) to 2.3 °(EMU) for N2 and from 1.1 °to 2.3°for N3, respectively (see Figs. 4 and 5) . Similarly to these novice observers, scotoma-traine d observer E2 showed a significant increase in critical spacing from 0.9 °(FXU) to 1.7 °(EMU). In contrast, one novice observer, N1, showed a large but statistically non-significant decrease in critical spacing from 1.8 °(FXU) to 0.95°(EMU). Highly practiced observer E1 (naïve to the purpose of the experiment) showed a significant but small reduction in critical spacing from 1.7 °(FXU) to 1.6 °(EMU). The full results on the critical spacing can be seen in Figs. 4 and 5. Overall, the effect of eye movements appears to increase variability across observer s in the spatial extent and magnitud e of crowding. We next examined the cause of this variability.
Critical spacing scales with target eccentrici ty (Bouma, 1970 ) . Unlike the two fixation conditions (FXU/FXB) with target at a relatively fixed eccentrici ty, in the EMU condition, the eye movements were unrestricted, and the target eccentricity varied across fixations. The artificial scotoma in the EMU condition imposed only a lower bound on target eccentricity. The target letter sizes were around 1°(depending on an observer's acuity), and the artificial scotoma had a radius of 5.5 °. This means that a target letter located at 6°from the central fixation point would not be occluded by the scotoma, but at distances less than 6°the scotoma would start to occlude the stimulus. However, an observer may choose not to place the target as close to the artificial scotoma as possible.
We estimated duration-weig hted probabili ty density distribution of gaze positions using an adaptive Gaussian kernel density estimation algorithm (Botev, Grotowski, & Kroese, 2010 ) , excluding gaze positions where the scotoma was occluding at least part of the target letter (Fig. 8) . It is notewort hy that for every observer, the density distribution had a distinct peak of maximum density. We defined the effective eccentricity of the target letter as the eccentricity at peak density, which is robust to outliers. The effective target eccentrici ty in the fixation conditions (FXB and FXU) ranged from 5°to 5.8 °, with a mean of 5.4 °-close to the desired target eccentricity of 6°, allowing for the tolerance zone on the fixation position (Table 1) .
In contrast, there was considerabl e variation in the EMU condition, and the eccentricity could be quite far from that specified in the fixation conditions, ranging from 6°to 11°, and did not appear to depend on experience. For every observer , there is a local peak of gaze density at a position near the extinguishe d fixation mark, which appeared before stimulus presentation . Viewing the target letter from this position put the target at an eccentrici ty of 6°. Most observers also used other retinal locations to view the target; however, these locations tended to place the target at a greater eccentricity. The effective target eccentrici ties in the EMU condition were considerabl y greater than 6°for three observer s (see EMU column of Table 1 ), suggesting that these observer s either could not maintain the initial fixation, which would be advantageous for minimizing eccentricity , or did not prefer viewing the target at this retinal location.
The effective eccentricities for each viewing condition are indicated along the abscissa of Fig. 4 as triangles and color-coded to the condition. Critical spacing generally follows the ordering of the effective eccentricitie s and reflects an eccentricity scaling. The ratio of critical spacing to effective eccentricity within the EMU condition is remarkably consisten t across observers: 0.15 (N1), 0.20 (N2), 0.22 (N3), 0.27 (E1), 0.16 (E2). Although the average ratio of 0.20 ± 0.05 in the EMU condition is lower than a Bouma ratio of 0.5, it is consistent with the average ratio of 0.27 ± 0.06 in the FXB and FXU conditions (and consisten t with Wallace & Tjan, 2011) . To allow for individual variability in this 'Bouma' ratio, we compare d the fractional change in critical spacing in the EMU condition relative to the FXU condition against the correspondi ng fractional change in the effective eccentricity (Fig. 9) , we found a significant correlation between the two [R 2 = 0.79, p = 0.04] and that the relationship between the two was not significantly different from that of an identity [v 2 (1) = 1.363, p = 0.243]. That is, the critical spacing when eye movements are unrestricted (EMU) can be expresse d in terms of the critical spacing in the fixation condition with unlimited viewing time (FXU) scaled by the ratios of the effective eccentrici ties between these two condition s. In other words, there is no qualitative difference in critical spacing whether eye movements are restricted or not.
Discussion
Without eye movements , we found no more than a small change in the spatial extent of crowding when viewing duration was unrestricted (actual duration between 700 and 4000 ms) as compare d to the brief viewing duration (250 ms). Our results extend the range of the earlier findings on the effect of stimulus duration, assuring that the voluminous measureme nts of crowding in the literature with briefly presented stimuli are generalizable. In particular , we found that critical spacing is reduced by less than a quarter of a degree (or about 15%), despite extending stimulus duration many times larger than 250 ms. Across observer s, this reduction did not reach statistical significance. This result adds to a chorus of findings showing that critical spacing, and thus the spatial extent of crowding, is a particularly robust property of crowding.
However , the present result is in apparent contrast with the findings of Chung and Mansfield (2009) where increasing duration from 57 ms to 1000 ms resulted in a decrease of crowding extent by about 2°, and Tripathy and Cavanagh who found a similar magnitude of decrease in crowding extent but for a much smaller increase in duration from 13 or 27 ms (dependent on observer ) up to 360 ms. Both those studies were testing at an eccentricity at or near to 10°and thus represent a larger effect than those at the smaller eccentricity used in the present study. More importantl y, the larger effects in these earlier studies may be more attributable to an increase in crowding extent for the shorter-than -250-ms viewing durations they tested, as opposed to a decrease in crowding extent for the longer viewing durations. For example, Chung and Mansfield found that the extent of crowding was already reduced by about a degree from 57 ms to 147 ms, about 50% of the total change they observed when extending duration up to 1000 ms. It is possible that at the smaller eccentricity we tested (6°), we are already at or close to the limit in the extent of crowding with a viewing duration of 250 ms. Taken together, these results suggest that while reducing viewing duration below 250 ms can significantly increase the spatial extent of crowding , increasing viewing duration above 250 ms does not significantly relieve crowding . Fig. 8 . Probability densities of gaze positions (or center of the artificial scotoma in the EMU condition) for each observer and condition, excluding gaze positions (target occlusion zone, gray circle) where the scotoma, if present, occludes at least part of the target letter (center of display, small diamond). Gaze is directed accurately at the fixation mark in the fixation conditions (FXU, FXB), but is highly variable across observers in the EMU condition. Gaze was tracked beyond the screen boundary (solid rectangle) to capture eye-movement strategies that might rely on extra-stimulus features (e.g. the frame of the screen or other features in the environment). Only one observer (N1) appears to use any extra-stimulus features to guide eye movements.
Table 1
The effective target eccentricity in degrees, compute d from the density estimation of gaze positions (target eccentricity relative to the position of maximum density) for each condition and observe r. Previous studies have found that target type (letters vs. gratings, Pelli, Palomares, & Majaj, 2004 ; letters vs. objects, Wallace & Tjan, 2011 ) , target size (Hariharan, Levi, & Klein, 2005; Levi, Hariharan, & Klein, 2002; Pelli, Palomares, & Majaj, 2004; Tripathy & Cavanagh, 2002 ) , and target-flank similarity in terms of orientation, spatial frequency and polarity (Andriessen & Bouma, 1976; Chung et al., 2001; Hariharan, Levi, & Klein, 2005 ) have at most a small effect on critical spacing. In contrast, these same manipulations have substantial effects on the threshold elevation caused by crowding. Similarly , while extensive practice can modestly decrease critical spacing, by 38% according to Chung (2007) , the same learning procedure substantially reduces contrast energy threshold by a factor of 5.5 (pre vs. post noiseless threshold, E 0 , inferred from Table A1 of Sun, Chung, & Tjan, 2010 ). In the current study, we did find an effect on contrast thresholds associated with crowding when limits on stimulus duration were removed (conditions FXU vs. FXB), with both ceiling and floor thresholds being reduced, concurring with previous evidence that some reduction in the detrimental effect of crowding is possible although the spatial extent of crowding remains unaffected .
Combining our result with those from earlier studies (Chung & Mansfield, 2009; Toet & Levi, 1992; Tripathy & Cavanagh, 2002 ) leads to the conclusio n that stimulus duration beyond 100 ms has only a marginal effect on critical spacing. Importantly, when we looked at the eccentrici ty-normalized critical spacing (critical spacing divided by target eccentrici ty) as a function of stimulus duration across a representat ive set of the prior studies and extended the range with the present study, we found that for stimulus duration s longer than 100 ms, normalized critical spacing is related to stimulus duration by a power law with an exponent of À0.27 (Fig. 10) . This implies that more than a 13-fold increase in stimulus duration would be required to reduce the critical spacing in half. Reduction of crowding at this gradual rate is unlikely to be due to any change in the inherent spatial interference that defines crowding. Rather, it is most probably a result of having multiple ''looks'' of the stimulus during a long presentation interval, permitting an accumulati on of form information sufficient to result in a small improvement in recognition performanc e.
The sluggish relationshi p between critical spacing and stimulus duration is consistent with the notion that a bottom-up, and perhaps anatomicall y defined, mechanism determines critical spacing and the crowding zone. Critical spacing scales linearly with eccentricity (Bouma, 1970 ) , and the crowding zones are elliptical in shape with their long axis pointing along the radial direction towards the fovea (Toet & Levi, 1992 ) . Pelli (2008; see also Pelli & Tillman, 2008 ) noted that the specific scaling rate determined by Bouma (1970) corresponds to a constant distance of 6 mm on V1 cortex, independen t of eccentricity. Nandy and Tjan (2012) linked this 6-mm distance to the average radius of the lateral connectio ns between V1 neurons and attributed the radially elongated shape of the crowding zone to a saccade-induced systemati c bias in the natural-scene image statistics acquired and represented by the lateral connectio ns. This theory predicts a robust and stable critical spacing and suggests that the size and shape of the crowding zone can only change gradually when presented with a different visual experience. Theories that associate crowding with stable physiological features such as the receptive field of neurons in specific visual areas (V2: Freeman & Simoncelli, 2011 ; V4: Motter, 2006 ) likewise predict a robust and stable critical spacing, and so do theories that explain crowding with bottom-up signal-proce ssing mechanis ms (Balas, Nakano, & Rosenholtz, 2009; Greenwo od, Bex, & Dakin, 2009; Levi, Hariharan, & Klein, 2002; Parkes et al., 2001; Pelli, Palomares, & Majaj, 2004; van den Berg, Roerdink, & Corneliss en, 2010 ) .
Crowding appeared to be made worse and more variable when unrestricted eye movements were allowed in conjunction with occluded central vision in the EMU condition -three observer s showed a substantial increase in critical spacing, while two showed a reduction (with one being statistically significant). In the EMU condition, the fixation mark was extinguishe d when the stimulus appeared. To maintain a stable gaze, a peripher al target Strasburger et al., 1991 Chung, Levi & Legge, 2001 Kooi et al., 1994 Bouma, 1970 Fig. 10 . Plot of eccentricity-normalized critical spacing as a function of stimulus duration, over a representative set of studies using letters and numerals as stimuli. Previous studies are plotted as numbered squares, the current data is plotted as colored symbols: FXB (green), FXU (red), EMU (blue). The horizontal gray line represents a ratio of 0.5 times the eccentricity i.e. Bouma's 'Law'. The solid lines connect data across durations for the same observers (present study with observers identified) or same study (prior studies). The dotted line represents a power law fit to the data, weighted by number of observers of each study. The estimated exponent is À0.27, meaning that over 13-fold increase in stimulus duration is required to reduce critical space by one half. must be relied upon. Bellmann et al. (2004) found that peripheral fixation stability in patients with age-related macular generation was about a factor of 10 worse than central fixation in agematched controls. While crowding has been regarded as a key limiting factor of peripheral form vision (Levi, 2008; Pelli & Tillman, 2008; Whitney & Levi, 2011 ) , most measureme nts of crowding, particularly those obtained from normally sighted observers, were done with stationary gaze. Our result suggests that gaze instability cannot be ignored when considering peripher al form vision in the context of central vision loss.
With unrestricted eye movements, it is conceiva ble that one could view the stimulus from a direction where the flankers are arranged tangentially relative to the fovea (e.g. observer E2) or use the central scotoma to occlude one of the flankers and thereby partially reduce crowding . However , we did not find any consistent benefit in unrestricting eye movements even for the two observers who were experts in performi ng visual tasks with simulated central scotoma. There was a very small reduction in crowding in terms of critical spacing for one expert observer (E1); the other (E2) in fact had a large increase in crowding. Neither of the observers showed any reduction in contrast thresholds. Our analysis of the target position with eye movements revealed that observers with an artificial scotoma tend to keep the target at a safe distance from the scotoma and thereby increase the effective target eccentricity. With respect to the effective target eccentricity , the estimated critical spacing in all condition s and across all observers was found to be highly consisten t with the known eccentricity scaling for crowding . Thus, while fixation and gaze control appears to be effortful with central scotoma and impedes performance, the spatial extent of crowding is unaffected once we have taken into account the effective target eccentricity .
Conclusion s
We found that presentation duration beyond 250 ms has little effect on crowding with stable gaze. Unrestricted eye movements with a simulated central scotoma yield varying and generally worsenin g peripheral form vision, although the results remain consistent with the consensus eccentricity scaling of crowding. Our results assure that the large body of findings on crowding that utilized briefly presented stimuli are generaliz able to conditions where viewing time is unconstrained , such as patients with central vision loss. Our results further suggest that impaired oculomotor control associated with central vision loss can further impede peripheral form vision, but the added impedimen t can be understood as an increase in crowding due to increased target eccentricity .
